Although much progress has been made in understanding how floral organ identity is determined during the floral development, less is known about how floral organ is elaborated in the late floral developmental stages. Here we describe a novel floral mutant, wrinkled petals and stamens1 (wps1), which shows defects in the development of petals and stamens. Genetic analysis indicates that wps1 mutant is corresponding to a single recessive locus at the long arm of chromosome 3. The early development of floral organs in wps1 mutant is similar to that in wild type, and the malfunction of the mutant commences in late developmental stages, displaying a defect on the appearance of petals and stamens. In the mature flower, petals and stamen filaments in the mutant are wrinkled or folded, and the cellular morphology under L1 layer of petals and stamen filaments is abnormal. It is found that the expression patterns of floral organ identity genes are not affected in wps1 mutants compared with that of wild type, consistent with the unaltered development of all floral organs. Furthermore, the identities of epidermal cells in different type of petals are maintained. The histological analysis shows that in wps1 flowers all petals are irregularly folded, and there are knotted structures in the petals, while the shape and arrangement of inner cells are malformed and unorganized. Based on these results, we propose that Wps1 acts downstream to the class B floral organ identity genes, and functions to modulate the cellular differentiation during the late flower developmental stages.
Introduction
In the past twenty years, the flower development study has been made great progress in two model systems, Arabidopsis thaliana and Antirrhinum majus. The classical 'ABC model' has been widely tested and proven to be generally applicable in controlling floral organ identity during floral development among angiosperms [1, 2] . This model states that floral organ identity is specified by different combinations of the activities of the A, B and C class homeotic genes. In Arabidopsis, each of these functions operates in two adjacent whorls of flower. Furthermore, A and C functions antagonize each other. Thus, A function alone controls the identity of sepals, A and B determine the identity of petals, B plus C specify the identity of stamens, and C alone directs carpel identity. D-function genes controlling the ovule identity and E-function genes that function as co-factors with ABC genes in the inner three whorls of flower, were introduced later [3, 4] . So far, few direct targets of the ABC function genes are identified [5] . Functional analysis of targets of floral organ identity genes has been hampered by the lack of mutants; however, this Wps 1 is required for the floral morphogenesis in Lotus japonicus 500 npg situation has been changed significantly due to the application of a combination of forward genetic and whole-genome approaches. Some candidate target genes were identified by analysis of expression profiling [6, 7] .
Lotus japonicus [8] , a model plant in legumes, is an amenable system to study the nodulation and other development processes [9] [10] [11] . The whole-genome sequencing project has been carried out [12] , and several L. japonicus Chr. TM0123   TM0050   TM0193   TM0117   TM0001   TM0122   TM0134   TM0065   TM0225   TM0124   TM0020   TM0002   TM0436   TM0190   TM0155   TM0142   TM0049   TM0203   TM0127   TM0288   TM0182   TM0247   TM0030   TM0046   TM0218   TM0095   TM0048   TM0062   TM0072   TM0146   TM0014   TM0057   TM0140   TM0066   TM0336   TM0314   * [17] [18] [19] . Our previous work has demonstrated that L. japonicus is an excellent system to dissect the components in the pathway to control floral development [20, 21] . A large scale of ethyl methanesulfonate (EMS) mutagenesis experiment has been conducted to screen mutations which affect floral development at various stages in L. japonicus. We report here a novel floral mutant in L. japonicus, wrinkled petals and stamens1 (wps1), which affects the development of petals and stamens in the late floral developmental stages, giving rise to folded petals and stamen filaments. Genetic analysis shows that the wps1 mutant is corresponding to a single recessive nuclear mutation. Further analysis indicates that the identities of petals and stamens are not changed; however, the cellular morphology of the inner layers in petals and stamens is abnormal. These data indicate that Wps1 is a potential downstream component of the B function, which could take part in the control of petal differentiation by regulating cellular differentiation in the late floral developmental stages.
Materials and methods

Plant material and growth conditions
The wps1 mutants were isolated from an EMS-mutagenized M2 population of Gifu B-129. The wild type L. japonicus (Gifu B-129) and wps1 mutants were grown in a growth chamber at 22 ± 2 °C in 16 h light and 8 h dark.
Scanning Electron Microscopy
Plant materials used for Scanning Electron Microscopy (SEM) were fixed in FAA solution as previously described [17] . And then they were dehydrated by the ethanol solution series, 10 min for each step and then dried by critical point. Leaves were removed from dried materials as much as necessary. The materials were coated with gold palladium in E-1010 ion sputter. SEM was performed with a Hitachi S-2460 scanning electron microscope (Hitachi, Tokyo) at 15KV. SEM photographs were captured electronically and processed with the Adobe Photoshop 7.0 software (Adobe system, Mountain View, CA).
Histology analysis
Plants samples were fixed and embedded as previously described [22] . Serial sections were taken at 8 mm on a rotary microtome, attached to glass slides with 0.1% poly-lysine solution, and dried on a warming tray (42 °C). The sections were stained in toluidine blue after removed of the embedded medium and observed under a Carl Zeiss microscope. Images were captured by using a Carl Zeiss digital microscope camera, and then processed with the Adobe Photoshop 7.0 software.
Genetic analysis and mapping
For genetic analysis, wps1 mutant was backcrossed with its wild type parent line 'Gifu B-129', and the genetic analysis was conducted in the B2 population. To generate a mapping population, wps1 mutant was crossed with the accession Miyakojima MG20 [23] . The mutant plants were identified after screening for the floral phenotype in F2 population. A total of 192 homozygous F2 mutant plants from a F2 population with about 800 individuals, were used in the mapping experiment. To map the wps1 locus, 36 SSR markers from all six linkage groups were selected from the genetic linkage map of L. japonicus (http://www.kazusa.or.jp/lotus/), and the DNA pools were used for whole genome scanning. Two co-segregated markers, TM0127 and TM0135, were identified and thus the position of wps1 was determined. The sequence information of the markers used in this experiment is shown in Table 1 .
RNA in situ Hybridization
RNA in situ hybridization with digoxigenin-labeled sense and antisense probes was performed on 8-mm sections of Gifu and wps1 floral apices, as described by Coen et al. [24] . The transcripts of LjAP1a and LjPIa were generated from cDNA fragment as described before [20] , which did not include the region of MADS boxes.
Results
The wrinkled petals and stamens 1 mutant
In large scale screening an EMS-mutagenized M2 population of Gifu B-129, a wps1 mutant was isolated. In the vegetative stage, wps1 mutant looks similar to the wild type, and the malfunction of wps1 mutant can be easily Figure 1B and 1D); both organs are much shorter than those of wild type in appearance but less so when being stretched (data not shown). However, the development of anthers is not much affected, still bearing fertile pollens. In contrast, both sepal and carpel in wps1 are relatively normal ( Figure 1D ). Therefore, wps1 mutant displays specific defects on the development of petals and stamens.
Genetic analysis of wps1
Genetic analysis on wps1 was conducted by backcrossing the mutant with its parental wild type, Gifu B-129. All plants in B1 displayed normal phenotype as wild type, indicating that the wps1 mutation is a recessive mutation. In B2 generation, wild type and mutant plants segregated with a 3:1 ratio (167 wild-type plants and 53 mutants). These results show that wps1 mutant is corresponding to a single nuclear locus. Mapping wps1 was conducted using a mapping population with about 800 individuals and DNA pools which were randomly selected from 20 mutant plants were used to scanning the whole genome of L. japonicus (data not shown). More than 36 SSR markers spreading in different chromosome were tested (Table 1) and then wps1 was located in the long arm of chromosome 3 by its being co-segregated with a marker TM0127. This has been confirmed by the fine mapping experiment and finally wps1 was located between two markers, TM0135 and TM0127, at a distance of 2.08 cM and 1.82 cM respectively.
Wps1 controlling the development of petals and stamens in late developmental stages
To determine when the function of Wps1 is required for the normal flower development, we analyzed the flower development at different stages by SEM. The flower development of wps1 mutants is similar with the one of wild type during early stages, and no malfunction is detected up to floral developmental stage 7 as being defined in the previous study [20] , when all floral organ primordia are initiated from the floral primordia and the identities of floral organs suppose to be determined (Figure 2A and 2F) . At the late stages of floral organ development, petals and stamens in wps1 appear abnormal and their shapes become irregular in comparison with wild type ( Figure 2B , 2C, 2G and 2H). At subsequently developmental stages, petals and stamens develop further in wild type so as that the petals display smooth abaxial surface and cover the stamens ( Figure 2D and 2E); however, the petals and stamens of wps1 become wrinkled, and do not expand well ( Figure 2I and 2J) . The arrangement of petals and stamens in wps1 mutant is irregular, which crush to each other ( Figure 2J ).
Expression patterns of floral organ identity genes in wps1 mutants
The malfunction of wps1 observed in the petals and stamens raises the question about its relationship with the organ identity genes. In the previous study, a number of organ identity genes in L. japonicus have been isolated [20] . Expression patterns of two representative ones, LjAP1a an A function gene and LjPIa a B function gene, were exam- npg ined in the wps1 mutant. The LjAP1a transcripts were first detected in the whole floral primordium at the early stage, and then were detected at sepals and petals at stage 5 in wps1 mutants ( Figure 3A) . At late stages the LjAP1a still strongly expressed in petal primordia but weak in sepal primordia ( Figure 3B ). In a word, the expression pattern of LjAP1a in the wps1 mutants is similar to those in wild type reported previously [20] . The transcripts of LjPIa were detected in the primordia of petals and stamens in wps1 mutant flower ( Figure 3D and 3E), in the same sites of wild types [20] . These results demonstrate that the expression patterns of floral organ identities genes are the same in wps1 mutant as in the wild type, suggesting that wps1 does not affect the expression of organ identity genes.
Subtle morphological alteration of the epidermal cells in petals of wps1
In the flowers of wps1, the shapes of all petals are irregular ( Figure 1D ), but the petal identity is maintained and the floral organ identity genes in wps1 mutant still possess the same expression pattern as the one in wild type ( Figure 3) . As a normal papilionoid legume, there are three types of petals in wild type flower of L. japonicus: standard, wing and keel, arranging along a dorsoventral axis of the flower [21] , which display different shapes ( Figure 1B) . Representative cells can be recognized at the epidermal layer among different petals: the conical cells in the standard ( Figure 4A) ; the jigsaw puzzle-shaped cells in Figure 4C ). Recent study showed that these representative cell types could be used as morphological markers to distinguish the dorsoventral identity of different petal types (Our unpublished data). We examined if there was any alteration in the dorsoventral identity among different types of petals by comparing the morphology of the adaxial epidermal cells in mature petals [21] between the wild type and wps1 mutant. It was found that the characteristic shapes of representative epidermal cells could be clearly identified in the petals of wps1, similar to the ones in wild type (Figure 4 A-4F ). This confirms that there is no detectable alteration at the petal identity in wps1. These data also demonstrate that wps1 has some effects in the cellular development in the L1 or the epidermal layer, since subtle difference could be found in the surfaces of the epidermal cells in the wings (Figure 4 B and 4E) , as well as in the sizes such as the width of cells in the keels of wps1 is larger than that of wild type (Figure 4 C and 4F ).
Histological analysis of petal structure in wild type and wps1
To investigate the cause of the wrinkled petals and stamen filaments in wps1 mutant, histological study was conducted. Transversal crossing sections were prepared from mature floral buds of both wild type and wps1 mutant. In comparison with the wild type flower, all petals in wps1 displayed abnormal curvature due to their irregularly folding ( Figure 5 A and 5E ). The arrangement of petals is altered in wps1 mutant. Petals do not cover each other in the same way as the wild type ( Figure 5E ). There are knotted structures in the petals, which contain more layers of cells than the normally 6 to 7 layers in wild type (Figure 5 B-5D, 5F-5H). Furthermore, the shape and arrangement of the inner cells in petals of wps1 mutants are malformed and unorganized in comparison to those of wild type ( Figure  4 I and 4J ). All stamen filaments in wps1 also display the similar abnormal phenotype (data not shown). These data suggest that the development of petals and stamen filaments in wps1 mutant is somehow affected at the cellular level, and processes in both cell division and elongation could be malfunctioned.
Discussion
Wps1 could be a downstream component in the B function during flower development in L. japonicus
In the past twenty years, the ABC model of flower development has been widely promulgated. This model, based on genetic experiments in Antirrhinum and Arabidopsis [1, 2] , is striking in its simplicity and applicable in a wide range of angiosperm species. However, the development of floral organs requires not only the ABC function genes but also the downstream factors to elaborate their final shape. Although many putative targets of the floral organ identity genes were identified using micro-arrays analysis [6, 27] , robust analysis on their function is few and so far only NAP has been shown to be a direct target of AP3/PI [5] .
In this study, we analyzed a novel floral mutant wps1. In our mutagenesis experiment, more than five mutants have been identified, which displayed the similar phenotype as wps1, and our preliminary data indicate they are allelic to wps1, suggesting Wps1 could be a hot spot susceptible to the mutagenesis (unpublished data). It is found that the malfunction of wps1 is mainly observed in petals and stamens, suggesting the activity of Wps1 should be within the functional domain of the B function genes. It was found that two of the floral organ identity genes displayed the same expression patterns in wps1 as in wild type, indicating there is no alteration of organ identities during the flower development in the mutant. Furthermore, the dorsoventral identity seems to be well maintained as the characteristic shapes of representative epidermal cell types in different petals were found in both wild type and wps1.
The flower development of L. japonicus can be divided npg into two phases: phase I when the floral organ identities are determined, and phase II when the elaboration process to form fine structures within floral organ takes place. Up to 7 floral developmental stages in L. japonicus have been defined in our previous study [20] . Stage 7 should be considered as the end of phase I, when floral organ identities are determined (Figure 2A , [20] ). In wps1 mutant, malfunction in flower development commences after stage 7 (Figure 2 The main defect of wps1 was found in the petals and stamen filaments, which are wrinkled or irregularly folded (Figure 1 D) . The histological investigation indicated that the malformed and unorganized cellular development in these two floral organs could account for the mutant phenotype in wps1. It is shown that in wps1, petals and stamens are irregularly folded ( Figure 5E ), and knotted structures with more cell layers appear in petals ( Figure 5  F-5H) . Moreover, the inner cells of petals and stamens in the mutant are malformed and unorganized ( Figure 5 J) . These data strongly indicate that the cell division and cell elongation in the petals and stamens of the mutant may be affected, suggesting a role of Wps1 in the control of cellular development during the late floral organ development.
Cell division and elongation processes are generally important for the development of plants, and after floral organ identities are determined, there might be different mechanisms, under which controls, lateral organs acquire different rate of cell division and specific expansion pattern along different axes during late floral development stages [28] . It has been shown that maintaining the pattern of cell division is crucial for the development of a flat leaf surface.
In cin mutant of Antirrhinum, the leaf margin is rumpled as a result of the slower arrest of cell divisions at the leaf margins relative to the middle of the leaf, and a comparable phenotype is seen in jaw-D mutation of Arabidopsis [29, 30] . In both cases, TCP-domain genes [31] and regulation of their expressions are responsible for the development of flat and curved leaf surface. In Arabidopsis, NAP, a direct target of B function genes has been identified, which is regulated by the Arabidopsis class B protein APETALA3 and is thought to take part in the process in the transition between growth from cell division to cell elongation in petals and stamens [5] . In the late floral development, floral organs commence growth in a fast rate, and it is expected that a regulatory mechanism should monitor the cell division and elongation so as to determine the final morphology of floral organs. With the cloning of Wps1 in the near future, it would be possible to make the comparison of the functions and activities of Wps1 and NAP, and address the question if there is a conserved mechanism in the control of floral organ morphogenesis during late development among different species.
Conclusion
L. japonicus, a legume model plant, provides an amenable system to screen the mutants and dissect the pathway in the control of floral organ development. We have been exploiting L. japonicus, and using the EMS mutagenesis approach to isolate novel floral mutations. In this study, a novel mutation, wps1 was analyzed, which corresponds to the malfunction of Wps1, a potential downstream component of B function organ identity genes. Wps1 could play a key role in the control of cellular differentiation during the late flower development stages. Further study and cloning of Wps1 in L. japonicus will be helpful to analyze the link between the early and the late developmental control during floral morphogenesis, as well as the function and regulation of downstream components in the B function pathway.
